Electrical parameters of Erbium Oxide (Er2O3) MOS capacitors depending on frequency were investigated deeply, in this paper. Er2O3 layers were deposited on p-Si substrates with (100) oriented using RFmagnetron sputtering method. The films were annealed at 500 o C in N2 environment. C-V characteristic changes reduce with increasing frequency. G/ω-V characteristic variations show different behavior between 10-250 kHz and 250 kHz-1 MHz. It is thought that these different behaviors are caused by interface states between silicon and Er2O3 layer, series resistance (Rs) effects and the relaxation time of trapped states. The Rs values calculated by the Cma and Gma values at the high frequency and decrease with rising frequency. Then, Cc-V and Gc/ω-V characteristic curves were measured and compared to first measurements. In addition, interface state density (Dit), diffusion potential (VD), and barrier height (ΦB) were calculated and these results demonstrate similar behaviors.
Introduction
Electrical characteristics of Metal/Oxide/ Semiconductor (MOS) based devices depend primarily on the features of the dielectric substance used as the sensitive region/gate oxide layer, and the dielectric/substrate interface quality. The silicon dioxide (SiO2) layer was commonly used as gate oxide layer in the MOS-based device. However, due to the ever-smaller size of the microelectronic device, a thinner SiO2 layer is placed on the MOS-based structures, which lead to an increase in the leakage current of the transistor. On the other hand, alternative gate oxide layers are also needed to improve the sensitivity of MOS-based radiation sensors in low doses (< 10 mGy) [1, 2] . For these reasons, the researchers have begun to investigate the alternative materials to be used as gate oxide layer to solve these problems, and the studies have focused on the high-k dielectrics with the high charge storage capacity in recent years. The interface quality in the middle of dielectric material and Si substrate and occurring interface trap charge density as depending on this can lead to problems for high-k MOS structures. Electron trap centers can be formed at the interface and nearinterface region in the oxide as a result of the lattice mismatch between the high-k dielectric and Si. The electrons trapped in these centers lead to the Vfb (flat band voltage) shift of a MOS capacitor fabricated on the p-Si substrate to the right side [3, 4] . Another problem is the undesired low-k SiOx parasitic interface formed between the high-k dielectric and Si. Since this layer has a low dielectric constant, it gives rise to a drop in the capacitance values and this causes the dielectric constant calculated for the oxide to be below the expected value [5] .
The C-V and G/ω-V characteristic curves of a MOS capacitor can be easily influenced by frequencydependent interface trap charges and series resistance effects. At this point, the electrical characteristics of a fabricated MOS capacitor need to be examined in detail. The Er2O3 (erbium oxide) as a rare earth oxide have a large band gap (7.6 eV) [6] and conduction band offset (3.5 eV) [7] which makes it attractive for MOS-based devices. On the other hand, the probability of a silicatelike build-up at the interface after post-deposition annealing is lower compared to other rare earth oxides. In present study, Er2O3 MOS capacitors whose electrical properties vary with frequency and applied voltage are investigated. C-V and G/ω-V measurements of the generated Er2O3 MOS capacitor were measured at different frequencies and then some electrical parameters of the device such as interface state density (Dit), barrier height (φB), acceptor concentration (NA) and energy difference between the valence band and Fermi level (EF) were calculated.
Materials and Methods
The Er2O3 films were growth on p-Si with (100) oriented substrate by radio frequency sputtering (RF-sputtering) system using a 4″ 99.99% pure erbium target. Before the growth of Er2O3 layer, the Si substrates were decontaminated with standard Radio Corporation of America (RCA) cleaning procedure. Then, the sanitized wafers were translocated to the sputtering chamber and the pressure of the chamber was configured 6x10 -4 Pa. A pre-sputter processing was applied for one hour at 300 W power to clean out any potential pollution on the target. After the pre-sputtering process, the Er2O3 deposition was carried out using Argon gas with a flow rate of 16 sccm at 300 W power and a gas pressure of 1 Pa. Following deposition, the Er2O3 thin films were annealed at 500 o C for thirty minutes. In the meanwhile, the flow rate under N2 ambient was 1000 sccm. In the measurement using the reflectometer, the thickness of the films was determined to be approximately 254 nm. The front and back contacts were produced with aluminium (Al) by a sputtering process. However, the front Al electrodes were produced with the aid of a shadow mask. This mask consists of 1.5 mm circular points.
Results and Discussion
Capacitance-voltage (C-V) and conductance-voltage (G/ω-V) characteristics were obtained for seven different frequencies between 10 kHz and 1 MHz at ambient temperature to determine the electrical parameters of Er2O3 MOS capacitor. Figure 1 shows the C-V and G/ω-V curves of Er2O3 capacitor for each frequency. These curves vary as depending on the A.C. voltage frequency can be easily noticed. The oxide capacitance (Cox) in MOS structures can be expressed as [8] ,
where A (1.7671 x10 -6 m 2 ) is capacitor area, ε0 (8.85 x10 -12 F.m -1 ) is vacuum permittivity, d (125 nm) is the Er2O3 oxide thickness between metal and semiconductor layers and εox is the dielectric permittivity of oxide. Using Fig.  1 , the Cox value determined from the strong accumulation region for 1 MHz was found to be 1.05 x10 -9 F. So, using the Eq. (1), the dielectric constant of Er2O3 was calculated as 8.39. In the literature, the dielectric constant of Er2O3 is reported in the range of 10-14 [6, 7] . This result shows that the obtained dielectric constant is lower than expected value. According to the Fig. 1 , the capacitance values in the accumulation region decrease with ever-rising frequency. The most probable cause for this is time-dependent interface states (Nit) [8] . Also, as apparent in Fig. 1 , the flat band and mid-gap voltages are shifted in the negative direction on the voltage axis depending on the frequency. This may be due to the interface states and the series resistance effect [9, 10] .
Another important parameter used to examine the interfacial quality of MOS capacitors is conductance [11] . The conductance, which is caused by the interaction between the interface states and the majority carriers, occurs when a weak A.C. signal is applied to the MOS capacitor [12] . The measured conductance values increase with increasing frequencies. Nonetheless, the G/ω-V curve peaks measured between 10 kHz and 250 kHz moved to lower voltages with increasing frequency, the G/ω-V curves measured from 500 kHz to 1 MHz did not include conductance peak. This behavior may be related to the series resistance occurring due to using back side of the Si layer as a metal contact, the relaxation time of the trapped states and the interface dielectric layer [13] .
By using the capacitance and conductivity values obtained from the curves, a series resistance (Rs) calculation can be made in MOS structures. The 
where Cma is the measured capacitance from the strong accumulation region, while Gma is the measured conductance from the same region. According to the Table 1 , the Rs values calculated using Eq. (3) decrease with increscent frequency values. The reason for this behavior of Rs may be that the trapped charges are recombined depending on the applied voltage. The voltage-dependent Rs values are also shown in Fig. 2 . Particularly, it is seen that the series resistance effect at low frequencies causes a serious deviation from ideal MOS capacitor characteristics. Corrected values are determined when the Rs effect is removed. The corrected capacitance and conductance values are calculated using the next equations independently of the Rs effect.
The corrected capacitance-voltage (Cc-V) and corrected conductance-voltage (Gc/ω-V) curves are shown in Fig.  3 (a)-(b). It is seen that the capacitance values formed by correcting the series resistance effect are increased compared to the previous one. The dielectric constant (εox) value calculated from the corrected capacitance curve for 1 MHz was found to be 10.39, and this value is consistent with the literature [6, 7] . It is noteworthy that there are considerable variations in the conductancevoltage characteristics when compared with Fig. 1 and Fig. 3 (a) . Unobserved conductance peaks with low peak depth before the correction became observable the after correction. Then, the peak values also increased. On the other hand, the conductance is reduced due to the increasing frequency. After the corrected capacitance and conductance calculations, the density of interface states (Dit) may be expressed by the next equation [16] .
where q is elementary charge, Cox is the oxide capacitance, Gc,max/ω is peak value of corrected G/ω-V curve, A is area of MOS capacitor and is the corrected capacitance value correspond to Gc,max/ω. The values of some required parameters and calculated state density values are given in Table 1 . As theoretically predicted [16, 17] , the interface state densities reduce with enhancement frequency values and are in the order of approximately 10 12 eV -1 .cm -2 . Interface states affecting barrier height are divided into two as acceptor/donor-like interface states [18] . The electrical parameters such as barrier height (φB), diffusion potential (VD), and image-force barrier lowering (ΔφB) were calculated with the data obtained from the linear regions of the Cc -2 -V characteristics of the Er2O3 capacitor are given in Fig. 4 . Capacitance of the depletion regions [19] ,
is given by the Eq. (8) and where V is the gate voltage, NA is the acceptor concentration, V0 is the point intersecting the voltage axis in Fig. 4 . V0 is expressed by the following equation.
where kB and T are the Boltzmann constant and absolute temperature, respectively. Barrier height is given by,
Where NV is the effective state density at the valence band. The maximum value of the electric field is expressed as = √2 −1 0 −1 . Table 2 shows the values of EF, φB and NA obtained for the Er2O3 MOS capacitor. The frequency-dependent barrier height modifications are not anticipated to be in a normal MOS capacitor. The surface energy states that perform as acceptor/donor-like are in the forbidden band. The frequency or radiationinduced states can lead to a change in Φ [20] . Therefore, the examination of the barrier height is significant to assess whether the interface states are of the acceptor-like or donor-like type. As shown in Table 2 , φB increased in the frequency range of 10-250 kHz. This may be interpreted as the result of more dominant donor-like interface states in structure. After 250 kHz, it exhibits an irregular behavior. This irregular behavior may attribute to different behavior of acceptor/donor-like interface states depending on frequency [20] .
Conclusion
In this paper, the electrical characteristics were analyzed at diverse frequencies, with a minimum of 10 kHz and a maximum of 1 MHz. The dielectric constant of Er2O3 was calculated to be 8.39 with the capacitance acquired from the strong accumulation region of measured C-V characteristic at 1 MHz. The calculated dielectric constant is lower than the values in the literature due to the series resistance effect and no peak is observed in the G/ω-V curve. Therefore, series resistance corrections were made on all measured data. At 1 MHz, the dielectric constant calculated the Cc-V curve (εox =10.39) has been found in accordance with the literature. In other respects, the expected peaks in the conductance-voltage curves were monitored. With the rise in the frequency, the series resistance effect was reduced. The interface states density, which is calculated by using the corrected C-V and G-V characteristics, reduces with rising frequency. The interface states do not contribute to the capacitance at more than 500 kHz due to there have not sufficient lifetimes to track the A.C. voltage signal. The reason for this is that interface states do not have sufficient time to track the A.C. voltage signal at high frequencies.
The decrease in barrier height up to 250 kHz demonstrates that the donor-like interface states are more preponderant over the other states in this range.
Author's Contributions
Berk Morkoc: Drafted and wrote the manuscript. Aysegul Kahraman: Calculated the electrical parameters, did the experiments, and assisted the result interpretation.
Aliekber Aktag: Contributed to the interpretation of the results and prepared the relevant software for the electrical measurements.
Ercan Yilmaz: Supervised the experiment's progress, helped in manuscript preparation, and assisted in analytical calculations.
Ethics
There are no ethical issues after the publication of this manuscript.
